Experimental evidence suggests that the cell membrane is a highly organized structure that is compartmentalized by the underlying membrane cytoskeleton (MSK). The interaction between the cell membrane and the cytoskeleton led to the "picket-fence" model, which was proposed to explain certain aspects of membrane compartmentalization. This model assumes that the MSK hinders and confines the motion of receptors and lipids to compartments in the membrane. However, the impact of the MSK on receptor clustering, aggregation, and downstream signaling remains unclear. For example, some evidence suggests that the MSK enhances dimerization, while other evidence suggests decreased dimerization and signaling. Herein, we use computational Monte Carlo simulations to examine the effects of MSK density and receptor concentration on receptor dimerization and clustering. Preliminary results suggest that the MSK may have the potential to induce receptor clustering, which is a function of both picket-fence density and receptor concentration.
Introduction
Since the fluid mosaic model was proposed by Singer and Nicolson (1972) almost 40 years ago our understanding of membrane biology has changed considerably Wisniewska et al., 2003; Vereb et al., 2003) , primarily due to advances in imaging technologies. For example, high resolution microscopy captures structures at the nanometer scale (Morone et al., 2006 (Morone et al., , 2008 Danuser and Waterman-Storer, 2003) , while protein-tracking experiments have revealed spatiotemporal dynamics of membrane-bound receptors (Andrews et al., 2008; Koyama-Honda et al., 2005; Murase et al., 2004; Ritchie et al., 2003; Suzuki et al., 2005) . These techniques are providing new insight and suggesting modifications to the fluid mosaic model.
There are two distinct differences between the experimental data and the fluid mosaic model that have prompted renewed investigation of the plasma membrane . First, the diffusion of both proteins and lipids was found to be slower in the plasma membrane than in artificial membranes Peters and Cherry, 1982; Saffman and Delbruck, 1975) . Second, a dramatic decrease in diffusion rates was observed for protein oligomers or molecular complexes in the membrane, compared to the monomer (Roess et al., 2000; Nelson et al., 1999; Hegener et al., 2004) . These differences have stimulated many experimental studies, in order to obtain improved understanding of the plasma membrane and its interaction with the underlying membrane cytoskeleton (MSK) (Morone et al., 2008; Fujiwara et al., 2002; Wilson et al., 2007; Dietrich et al., 2001) .
It has been hypothesized that the cell membrane is compartmentalized into microdomains, such as protein islands (Wilson et al., 2007) and lipid rafts (Nagy et al., 2002) . In addition, the "picket-fence" model, which is not mutually exclusive of protein islands or lipid rafts, has been proposed as a potential mechanism for formation of microdomains (Murase et al., 2004; Ritchie et al., 2003) . In the picket-fence model the MSK acts as the fence by corralling transmembrane proteins, while integral proteins serve as the "pickets" hindering receptor, as well as, lipid mobility (Murase et al., 2004; Nakada et al., 2003) . This model accurately explains changes in diffusion rates, with lipids and proteins undergoing short-term confined diffusion (with diffusion rates consistent with data on artificial membranes) within a compartment (or corral), followed by hop diffusion between adjacent confinement zones Ritchie et al., 2005) . The restricted motion by the picket fence also potentially explains the differences in receptor diffusion in artificial and plasma membranes (Hegener et al., 2004; Woolf and Linderman, 2003; Brinkerhoff et al., 2004) .
The role of membrane microdomains and picket fences in receptor clustering, aggregation, and downstream signaling is controversial. For example, lipid rafts have been hypothesized to both promote and prevent signaling (Allen et al., 2007; Pike, 2003; Miura et al., 2001) . Some evidence indicates that picket fences may have an inhibitory role on cell signaling (Marmor and Julius, 2001; Bénéteau et al., 2008; Ganguly et al., 2008) , while other evidence points to an increase in receptor clustering, with enhanced downstream signaling (Douglass and Vale, 2005; Heneberg et al., 2006; Chichili and Rodgers, 2007) . Mathematical modeling studies may help improve understanding of these conflicting data. Several different theoretical approaches, ranging from thermodynamic and statistical mechanical models to stochastic Monte Carlo simulations, have been used to examine the effects of clustering on signaling (Guo and Levine, 1999; Shi, 2002; Lim and Yin, 2005; Gopalakrishnan et al., 2005; Niehaus et al., 2008; Duke and Graham, 2009; Collins et al., 2010) . These studies did not, however, investigate the effects of the picket fence on receptor clustering, although corral effects on membrane molecule diffusion and cluster lifetime were examined (Niehaus et al., 2008; Collins et al., 2010) . In this study, we explore use of spatial stochastic simulations to test how the MSK (i.e., picket-fence density) influences receptor clustering. While many in silico methods have been developed to study cellular signaling, including receptor interactions (e.g., dimerization), receptors are often assumed to be well-mixed and spatial information is neglected (e.g., Kholodenko et al., 1999; Sasagawa et al., 2005) . Here we utilize the Spatial Kinetic Monte Carlo (SKMC) method (Mayawala et al., 2005a,b) to investigate the effects of the MSK on receptor clustering.
Materials and methods

Spatial Kinetic Monte Carlo (SKMC) method
Simulations were performed using the SKMC algorithm, which is a modified null-event, lattice-based MC algorithm (Mayawala et al., 2005a,b) . The algorithm, which is essentially the same as that described by Mayawala et al. (2005a) , is briefly summarized below. The spatial domain, representative of a small region of the plasma membrane, was a two-dimensional square lattice of side 1 m, divided into 100 × 100 bins, each of dimension a = 10 nm. Thus the total surface area of the lattice was 1 m 2 . The initial conditions were established by randomly populating lattice sites with receptors. Also, periodic boundary conditions were imposed; that is, if a particle were to pass through one edge of the lattice it reappears at the opposite edge. Each simulation was performed ten times, and the results averaged, in order to enable statistically significant interpretation of effects of parameter variation on clustering.
The SKMC algorithm consists of first randomly selecting an occupied lattice site, and then choosing either a successful (reaction or diffusion) or unsuccessful (null) event, based on calculated probabilities. If a successful event is chosen, it is executed.
The transition rate, d i→j , for diffusion of species from any site i (i.e., lattice point i) to a nearest-neighboring site j is defined as
where d = 4D/a 2 and D is the diffusion coefficient of the species located at site i. The term B i denotes the set of four possible nearestneighboring sites to which diffusion can occur in two dimensions from site i. Because species are allowed to diffuse only to an unoccupied site, we define an occupancy function j for each of the four nearest-neighboring sites, in order to simplify the procedure for computing the transition rate for diffusion. For any site k (=i or j), k is set equal to 1 if the site is occupied, or to 0 if the site is unoccupied. , depends on the reaction type, and is given in Table 1 for each of the different reaction types considered in the present work. This table also summarizes the transition rate for diffusion events. To focus our study on the effects of the MSK on clustering, we used a simplified model of the epidermal growth factor receptor (EGFR) signaling pathway, which we adapted from Kholodenko et al. (1999) . The reaction mechanism and rate coefficient parameters are given in Table 2 . In this table, k j and k −j are the forward and reverse rate constants for reaction j, and V max and K m are Michaelis-Menten constants.
The probability p x i of an event x (=reaction "r" or diffusion "d") at site i is computed by using the relation 
where the multiplicative factor of 4 accounts for events occurring in the four directions of the two-dimensional square lattice. Finally, the time step t used to advance the simulation time was computed by using
Picket-fence model
In order to model cytoskeletal effects on receptor clustering in the cell membrane, "picket fences" were placed on the lattice; previous work has investigated the appropriateness of the lattice model to simulate the effect of corrals on diffusion of molecules in the cell membrane (Niehaus et al., 2008) . For this preliminary study, we varied both the picket-fence density (i.e., number of corrals per unit surface area) and the receptor concentration (i.e., number of receptors per unit surface area). We based our picket densities on the experimental data of Kusumi et al. (2005) , Ritchie et al. (2005) and Kusumi et al. (2010) , who have observed that the corrals range in size from 30 to 230 nm. We selected densities of 400, 100, and 25 corrals/m 2 , which correspond to corral (or compartment) sizes of 50, 100, and 200 nm, respectively. These confinement sizes are consistent with the above experimental observations, and cover a similar size range. The EGFR concentrations were selected to be consistent with the values reported by Kholodenko et al. (1999) , because we adapted their reaction mechanism, as discussed above. According to Kholodenko et al., out of a total of 1-3 × 10 5 receptors/cell 60-80% are displayed on the cell membrane. The cell diameter was 20 m, and therefore the corresponding plasma membrane receptor concentration ranges from 48 to 191 receptors/m 2 . In order to encompass this concentration range, we varied the EGFR concentration from 30 to 300 receptors/m 2 .
The picket fences occupy lattice sites and therefore prevent reaction and diffusion events in the direction of the boundary. For example, if a receptor is adjacent to a picket fence on the jth lattice site, the latter is assigned an occupancy function ( j ) of 1, thereby yielding a zero transition rate of diffusion for the receptor to that site (Eq. (1)). Similarly, a receptor separated from another by a picket fence cannot dimerize.
Single-particle tracking reveals short-term receptor confinement within a compartment, followed by long-term "hop" diffusion to an adjacent corral. Cytoskeletal rearrangements and actin dissociation are believed to be responsible for this hop diffusion Murase et al., 2004) . In order to simulate hop diffusion, breaks or openings were inserted in the fences, periodically in time and randomly in space. The rate at which openings were inserted in the fences was determined empirically, by a fit to experimental measurements (Fujiwara et al., 2002) . One opening per 0.04 m 2 area of picket fence was introduced at every 10 ms. Placing these breaks enables receptors to diffuse out of their confinement zones. After one iteration of the SKMC with the picket fence "gates" open, they are closed. These rates of opening and closing the gates are consistent with the kinetics of actin polymerization/depolymerization (Andrews et al., 2008; Danuser and Waterman-Storer, 2006; Beres et al., 2004; Vallotton et al., 2004; Deshpande et al., 2006) , which is on the order of the algorithm's time step ( t, Eq. (4)). We confirmed that the probability of receptor escape from a corral was independent of picket-fence density by computing the ratio of number of escapes to number of receptor collisions with the corral.
Quantification of clusters
In order to compute the total number of clusters in the computational domain and the size of each cluster, we used the Fuzzy c-means (FCM) clustering technique (Bezdek, 1981) . The FCM is a data-clustering technique in which the data are divided into clusters, with each data point belonging to a cluster to some degree, which is specified by its membership grade. Thus elements in the same class are similar to one another, whereas those in different classes are not. To start the calculation procedure to determine aggregation within each corral, an initial cluster number was specified, which was then refined using the FCM. If the number of corrals was greater than the total number of monomers, the initial guess for cluster number was set equal to the number of monomers divided by two, signifying that two or more receptors define a cluster. However, if the number of corrals was less than the total number of receptor molecules, the initial cluster number was set equal to the number of corrals, thus specifying clustering within each corral.
The FCM algorithm performs the analysis unaware of the picket fences, and so different clusters can occupy the same corral or a single cluster can span multiple corrals. Assuming that the mechanism of clustering is the picket fence, we combined or separated clusters, depending on which corral they occupied. For example, clusters occupying the same corral were combined, and clusters with receptor members occupying more than one corral were separated or eliminated. Clusters were also rejected if they contained fewer than two receptors.
Results
Picket-fence density and clustering
We first addressed whether picket-fence density affects receptor clustering, by varying it from a low value of 25 corrals/m 2 , to an intermediate value of 100 corrals/m 2 , and then to a high value of 400 corrals/m 2 . For this study, we used a receptor concentration of 200 EGFR/m 2 , after Kholodenko et al. (1999) . Also after Kholodenko et al. (1999) all results presented in this work were generated with an EGF concentration of 20 nM in the incubation medium. This concentration was rescaled by the cytoplasmic volume, as described in Kholodenko et al. (1999) .
The receptors were randomly placed on the lattice, as shown in Fig. 1 , row 1. The randomness of receptor distribution was confirmed by using the Hopkins test (Hopkins and Skellam, 1954; Zhang et al., 2006) , which showed that all data followed Gaussian distributions. In addition, we applied the Chi-squared Goodnessof-fit test (Snedecor and Cochran, 1989) , which validated the null hypothesis, confirming a state of randomness (Fig. 1 ). The Hopkins statistic (H) is expected to be 1/2 for randomly distributed points and closer to unity for clustered points (Zhang et al., 2006) .
Receptors were allowed to diffuse, and at 1 s (Fig. 1, row 2) there was a small right-shift of the data in the Hopkins test, indicating some clustering. At 2 s (Fig. 1, row 3 ) the receptors were further clustered, indicated by the significant right-shift of the data in the Hopkins test. The Chi-squared values also indicated a nonrandom, that is, clustered, state. Comparing the results for the three picketfence densities at 2 s showed that by both the Hopkins and the Goodness-of-fit tests the greatest amount of clustering occurred for the 100 corrals/m 2 density. The largest picket-fence density used here (400 corrals/m 2 ) produced the least amount of clustering, We explored further the effects of picket-fence density by applying the fuzzy c-means (FCM) clustering algorithm (Bezdek, 1981) to the simulation results. Representative computed distributions of clusters and cluster sizes are shown in Fig. 2 . We used 200 receptors/m 2 for these simulations, which were performed 10 times, and average results are reported with 95% confidence interval (Fig. 3) . For 25 corrals/m 2 the average total number of clusters in the lattice (=cluster density per m 2 of plasma membrane) was 19 (Fig. 3) , with an average cluster size of 5 receptors. When the corral density was increased to 100/m 2 , the average cluster size decreased to 3 receptors, but the cluster density increased to 28 (Fig. 3) . Finally, the largest corral density tested (400/m 2 ) produced the smallest average cluster density and size: 17 (Fig. 3) and 2, respectively.
Receptor concentration and clustering
We then examined whether receptor concentration affected clustering, by performing simulations with 30, 50, 100, 200, and 300 receptors/m 2 . The results showed that for low receptor concentrations (30 and 50 EGFR/m 2 ) the greatest amount of clustering occurred at the smallest picket-fence density, 25 corrals/m 2 , with 8-13 clusters/m 2 (Fig. 3) . At concentrations of 50 and 100 receptors/m 2 we observed a switch in where the maximal clustering occurred, to the intermediate picket-fence density of 100 corrals/m 2 . With further increases in receptor concentration to the largest values tested, 200 and 300 EGFR/m 2 , the greatest amount of clustering continued to occur at 100 corrals/m 2 . In addition, the increase in cluster number with increases in picket-fence density from 25 to 100 corrals/m 2 was much steeper than for the smaller receptor concentrations (Fig. 3) .
Oligomerization-induced trapping
In order to test a possible mechanism for clustering, we investigated how dimerization may lead to clustering by oligomerizationinduced trapping Ritchie et al., 2003; Suzuki et al., 2005) . We examined the temporal behavior of the mean square displacement (MSD) of both monomers and dimers, for the highest and lowest picket-fence densities studied. Shown in Fig. 4 (left column) are representative MSD plots for a single monomer and a single dimer that were followed in time. We observed hindered diffusion for both picket-fence densities. For example, for the 400 corrals/m 2 case the monomer trajectory indicated an escape at approximately 0.3 s (noted by the increase in MSD) and then confined motion until approximately 1.25 s. On the other hand, the dimer trajectory indicated confinement within the corral of area 0.0025 m 2 for the entire 2 s simulation. The single-particle trajectories (Fig. 4, right column) obtained from the simulation showed that the monomer traveled across a much larger area than did the dimer.
The MSD plots for the 25 corrals/m 2 showed escapes for both monomer and dimer at approximately 0.5 s. The dimer escaped, but was then confined from 1.1 s until 1.6 s, when it escaped again, while the monomer hopped to another corral at 1.1 s, where it was confined to an area of 0.04 m 2 , and then escaped again at approximately 1.5 s. The single-particle trajectories showed that the monomer traversed a greater area than did the dimer, but the relative differences were smaller than for the 400 corrals/m 2 density (Fig. 4, right column) . When averaged over all ten simulations, all monomers and dimers, and over the entire 2 s time period of sim- Fig. 2 . The FCM technique. The FCM technique determines the membership status of receptors to a given cluster. The FCM results were analyzed and clusters rejected if they bordered corrals or contained fewer than two receptors in a corral. The colors represent cluster membership and the lines represent the Euclidian distance from the receptor location at the current time to its location at the previous time step within the cluster. The FCM technique was applied to the data in Fig. 1 . The receptor and ligand concentrations, 200 receptors/m 2 and 20 nM EGF in the incubation medium, were the same for all the three three-picket fence densities studied: (A) 25 corrals/m 2 , (B) 100 corrals/m 2 , and (C) 400 corrals/m 2 . Shown here, to illustrate the FCM technique, are the raw results produced by it, before post processing. The average number of clusters per lattice and average number of receptors per cluster both varied with picket-fence density: 19 and 5 for 25 corrals/m 2 (A), 28 and 3 for 100 corrals/m 2 (B), and 17 and 2 for 400 corrals/m 2 (C). ulation, 12 hops for monomers and 8 hops for dimers were observed for the 400 corrals/m 2 case. For 25 corrals/m 2 density the number of monomer and dimer hops were 5 and 2, respectively. For both monomers and dimers, the number of hops decreased for the larger corral size. For the three picket-fence densities of 25, 100 and 400 corrals/m 2 the traversed areas averaged over the ten simulations were, respectively, 0.05, 0.019, and 0.0038 m 2 for dimers and 0.138, 0.041, and 0.0152 m 2 for monomers. The results indicate that dimerized receptors covered less area, which may support oligomerization-induced trapping. The difference in areas covered by monomers and dimers was most pronounced for the largest picket-fence density studied.
We next investigated the behavior of the MSD as a function of the number of collisions of the particle with the corral. We rescaled time in the MSD plots of single particles in Fig. 4 to number of collisions, by using the slope of the essentially linear relationship (over a long time period) between collision number and time. The results ( Figure S1 ) showed that dimer escapes were present only for the 25 corrals/m 2 case. For 400 corrals/m 2 the monomer escaped at approximately1.3 × 10 6 collisions, but the dimer remained confined ( Figure S1 , top row). An approximate doubling of the number of collisions examined did not reveal any dimer escape for this particle ( Figure S1 , top row, right panel). The relative escape rates at different picket-fence densities show how time, collisions, and escapes are being scaled. For the picket-fence density of 25 corrals/m 2 a larger area was traversed and a greater number of escapes occurred in a smaller time period ( Figure S1 , bottom row). These results illustrate time scaling of receptor signaling events based on the density of the membrane cytoskeleton may be important in signaling.
Finally, to further examine if clustering may be a result of oligomerization-induced trapping, we compared results generated with (Fig. 5, left column) and without (Fig. 5, right column) ligand. We used all three picket-fence densities, a receptor concentration of 200/m 2 , and a ligand concentration of 20 nM in the incubation medium, as discussed previously. For this study, receptors were not allowed to predimerize (i.e., reaction 5 in Table 2 was switched off). The Hopkins and Chi-squared tests both showed increased clustering when ligand was added, indicating that clustering may be enhanced due to dimerization. 
Discussion
The epidermal growth factor receptor (EGFR), a member of the ErbB family of plasma membrane receptors, is expressed in a variety of cell types and tissues (Lo, 2010; Olayioue et al., 2000) . These receptors are critically important in many biological processes, including embryonic development (Olayioue et al., 2000; Bublil and Yarden, 2007; Casalini et al., 2004) ; for example, loss of EGFR results in severe embryonic or perinatal abnormalities in mice (Olayioue et al., 2000) . This family of receptors has also been implicated in the development and metastasis of various human cancers, and is therefore the subject of intensive study and a target in drug development (Lo, 2010; Olayioue et al., 2000; Bublil and Yarden, 2007; Casalini et al., 2004; Hynes and MacDonald, 2009 ). However, EGFR-targeted therapy has shown only modest benefits, with tumors developing resistance to some therapies, illustrating the need for improved understanding of the signaling mechanism (Lo, 2010; Sebastian et al., 2006; Yu et al., 2008; Abulrob et al., 2010) . For example, the role of membrane microdomains and picket fences in receptor aggregation and downstream signaling remains unclear (Allen et al., 2007; Pike, 2003; Miura et al., 2001) , with experimental evidence indicating that picket fences may both inhibit cell signaling (Marmor and Julius, 2001; Bénéteau et al., 2008; Ganguly et al., 2008) and increase receptor clustering with enhanced downstream signaling (Douglass and Vale, 2005; Heneberg et al., 2006; Chichili and Rodgers, 2007) . Understanding the spatial organization of the receptor will increase understanding of EGFR activation and aid in developing new cancer therapies (Abulrob et al., 2010) . We therefore attempted, by using mathematical modeling, to understand how receptor clustering is influenced by the membrane cytoskeleton, as the first step towards the ultimate goal of studying the effects on signaling.
The major result suggested by our Monte Carlo simulation, which represents a first attempt at quantitating receptor clustering due to microdomains and picket fences, is that clustering depends on both picket-fence density and receptor concentration (Figs. 1-3) . The finding that receptor clustering, and hence perhaps downstream signaling, is a function of both receptor concentration and corral density is consistent with the Monte Carlo simulation results of Collins et al. (2010) , who concluded that both cluster size and receptor density affect cluster lifetime. Similarly, Lim and Yin (2005) and Gopalakrishnan et al. (2005) concluded from their computer simulations that receptor density can govern binding of receptor by ligand.
Our simulations showed that for picket-fence densities ≥100 corrals/m 2 the cluster number density increased with increasing receptor concentration (Fig. 3) . At low receptor concentrations (30 and 50 receptors/m 2 ), increasing picket-fence density had an inhibitory effect on clustering, whereas at normal to high receptor concentrations (100-300 receptors/m 2 ) the great- Here H is the Hopkins statistic and pdf the probability density function. For all cases the receptor and ligand concentrations were 200 receptors/m 2 and 20 nM, respectively. For this study, the predimerization reaction (i.e., dimerization in absence of ligand, reaction 5 in Table 2 ) was switched off. These results suggest that dimerization may enhance clustering. est amount of clustering was observed at a picket-fence density of 100 corrals/m 2 (Fig. 2) . Thus it appears that with increasing receptor concentration the maximal clustering occurs at larger picket-fence densities. However, additional studies with greater parameter variation are needed to confirm this preliminary observation.
The cluster density and average number of receptors per cluster were also found to depend on both picket-fence density and receptor concentration (Figs. 2 and 3) . For a receptor concentration of 200/m 2 the maximal cluster density (∼28) was observed at a picket-fence density of 100 corrals/m 2 , whereas the maximal average cluster size (∼5 receptors/cluster) occurred at a picketfence density of 25 corrals/m 2 (Fig. 2) . Both cluster density and cluster size decreased when the picket-fence density was increased to 400 corrals/m 2 (Figs. 2 and 3) . The calculated cluster density and cluster size ranged from 2 to 50 and 2 to 10, respectively.
By using image correlation microscopy Clayton et al. (2005) studied EGFR clustering in the plasma membrane of BaF/3 cells. They observed that in the presence of EGF the cluster density was 19 ± 4 clusters/m 2 , and the average number of receptors per cluster was 3.7. Saffarian et al. (2007) , who used fluorescence intensity distribution analysis, also observed clusters of two or more molecules in CHO cells under physiological conditions. More recently, Abulrob et al. (2010) examined EGFR clustering in HeLa cells, by using nearfield scanning optical microscopy. They concluded that the EGFR is organized in small clusters of average size 150 nm, and the number of receptors varied from one or two to greater than 100, but the majority (over 60%) of clusters in the EGF-treated cells contained fewer than 12 receptors. It is encouraging that our preliminary simulation results for cluster density and size compare favorably with these experimental measurements; however, further study is needed to better understand cluster formation.
The competition between rate of receptor dimerization, and thus increased probability of entrapment, within a corral and rate of receptor escape from the corral regulates both the cluster number and the cluster size. The rate of receptor collision with the corral is expected to increase with increasing picket-fence density, because the corral size decreases. In addition, as discussed previously, the number of receptor escapes from a corral versus the number of col-lisions with the corral was found to be independent of corral size. Therefore the rate of receptor escape from a corral is expected to increase as the corral density increases. This hypothesis is consistent with our computed results for number of hops by monomers and dimers. For both species the average number of escapes over the 2 s simulation time period decreased with increasing corral size: from 12 and 8, respectively, for the 400 corrals/m 2 density to 5 and 2, respectively, for the 25 corrals/m 2 case. Thus the residence time of receptors within a corral is expected to increase with increasing corral size (decreasing picket-fence density), and so a dimerization event becomes more likely to occur.
Increasing receptor concentration also increases the probability of dimerization (Fig. 3) . In addition, for the same number of receptors in different-size corrals we expect the probability of dimerization to increase with decreased corral size, because the particles are closer together. However, with increasing picket-fence density receptors are more likely to be dispersed in different corrals, especially initially, and thus less likely to dimerize. This difference is expected to be particularly significant for low receptor concentration (i.e., low receptor number). Therefore it is clear that several different competing effects govern cluster number and cluster size.
Our computed results for cluster density and size under different conditions (Figs. 2 and 3 ) do indeed suggest a complex interaction among the different parameters. For example, for the lowest receptor concentration (30 and 50 receptors) examined the number of clusters decreased monotonically with increasing picket-fence density (Fig. 3) , suggesting that sparsely distributed receptors in the smaller corrals may be inhibiting dimerization and clustering. For larger receptor concentrations the number of clusters increased when the picket-fence density was increased from 25 to 100 corrals/m 2 (Fig. 3) . It would appear that the receptor concentration is sufficiently large that the decreased corral size has a larger effect on clustering than the increased diffuseness of receptors with increased picket-fence density. This shift in sensitivity may also explain why the increase in cluster number became more pronounced with increasing receptor concentration. However, with a further increase in picket-fence density from 100 to 400 corrals/m 2 , the cluster number decreased. In addition, the decrease in cluster number was more pronounced with increasing receptor concentration. The increased diffuseness of the receptor may be responsible for the decrease in cluster number. However, it is not clear why this rate of decrease with increasing picketfence density is steeper for the larger receptor concentrations. Also, the average cluster size showed a monotic decrease with increasing picket-fence density, at least for the corral sizes tested (Fig. 2) . Whether this behavior is due to increased receptor hopping among the smaller corrals than the larger ones, the much more dispersed receptor distribution (whose effect is greater than that of the increased reaction probability of dimerization) in the smaller corrals, or both is not yet clear. Thus more work is needed to unravel the complex interactions among receptor concentration, corral density, and ligand concentration that together determine cluster size and density.
Cell signaling and the MSK have experimentally been shown to be coupled (Nakada et al., 2003; Sheetz et al., 2006) . Coordinating microdomain densities to regulate cell signaling may be an important mechanism. Our simulation results (Fig. 1) show a time delay in clustering, which may activate some signaling pathways, while suppressing others. This time delay is picket-fence density-dependent; for example, for 25 corrals/m 2 the receptors are more clustered at 1 s than for the higher densities (Fig. 1,  row 2 ). Our preliminary results appear to be in agreement with oligomerization-induced trapping as a mechanism for clustering. Both our computed mean square displacement and single-particle tracking results showed that the dimer traversed a fraction of the area covered by the monomer (Figs. 4 and S1 ), suggesting oligomerization-induced trapping. In addition, as the picket-fence density was increased, the trapping of the dimer became more pronounced. Finally, by comparing results generated with and without ligand, we noted increased clustering in the presence of ligand, which may be a result of dimerization, which was not allowed to occur in the absence of ligand (Fig. 5) .
This effect of ligand is consistent with the observation by Saffarian et al. (2007) that addition of EGF markedly increased receptor dimer and tetramer formation, and with the experimental results of Jia et al. (2007) , who investigated EGFR clustering with atomic force microscopy, transmission electron microscopy, and confocal laser microscopy, and concluded that it is inhibited in the absence of EGF. Similarly, a single-molecule fluorescence imaging study suggested that after treatment with EGF the activated receptors were mainly dimers (Xiao et al., 2008) . Clayton et al. (2005) report an increase in cluster size and decrease in cluster density in the presence of ligand. It has also been observed experimentally that prevention of both ligand binding and receptor phosphorylation of the intracellular domain results in decreased receptor cluster size (Abulrob et al., 2010; Clayton et al., 2007) . In the classical model of EGFR signaling it is proposed that upon binding ligand the receptor assumes an open confirmation that enables dimerization (Saffarian et al., 2007) . Interestingly, the flow cytometry studies of Szabo et al. (2008) showed that while EGF induced larger ErbB1 clusters in A431 cells, it led to a substantial decrease in the size of ErbB2 homoclusters in SKBR-3 cells. The number of receptors and fraction of predimerized receptors were, however, different in the two systems. In addition, Yu et al. (2008) observed that the same concentration of EGF resulted in different responses from different cell types, depending on EGFR expression level. Therefore, further study is needed to establish more precisely the dependence of cluster size and density on receptor and corral densities and ligand concentration.
In summary, our preliminary results show that compartments in the plasma membrane can both inhibit and enhance clustering, similar to experimental observations (Allen et al., 2007; Pike, 2003; Miura et al., 2001; Marmor and Julius, 2001; Bénéteau et al., 2008; Ganguly et al., 2008; Douglass and Vale, 2005; Heneberg et al., 2006; Chichili and Rodgers, 2007) . For example, the relationship between receptor dynamics and MSK rearrangement may play an important physiological role, such as in activation of ERK, which can lead to either differentiation or proliferation, depending on signal duration (Sasagawa et al., 2005; Thrane et al., 2001 ). However, additional study is required to better understand the mechanistic relationship among ligand, receptor type, receptor density, corral size and corral density on clustering and the effects of clustering on cell signaling.
